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The purpose of this study is to examine the effect of varying laser incidence angles on 
textural, microstructural and geometric characteristics of DED-processed materials, 
provide a more comprehensive outlook on participating laser-matter interaction 
phenomena and ultimately devise strategies to ameliorate print performance. In this study, 
single-layer, single-/multi-track specimens were processed to examine the effect of non-
orthogonal angular configurations on bead morphology, microstructure, phase composition 
and textural representation of DED-processed materials. Laser power measurements were 
also conducted to understand the effect(s) of laser spot size changes and laser attenuation 
on the effective power reaching the substrate surface. It has been observed that bead 
morphology experienced a normal curve behavior with increasing lead angles, while it 
experienced a decrease with decreasing lean angles. The orthogonal setting exhibited the 
most promising bead morphology values. An asymmetry in the distribution of the bead 
morphology plots indicates that there is preferential bias in utilizing a certain angular 
configuration over another in terms of potential incorporation of non-orthogonal deposition 
operations in industrial applications. No significant differences in phase composition, 
texture and microstructure were observed with processed samples of various angular 
configurations as well as raw, unprocessed powders, indicating that a potential route for 
enhanced process robustness is achievable without significantly affecting bulk material 
properties. In unfocused beams, laser incidence angles have little effect on the extent of 
laser power loss due to both laser spot size variations as well as powder cloud laser 
attenuation, indicating that more involved studies are required. 
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CHAPTER 1. INTRODUCTION 
1.1 Background 
1.1.1. Hybrid Manufacturing – An Introduction 
Hybrid manufacturing is an emerging AM technology that incorporates both additive and 
subtractive manufacturing in producing net-shape components, yielding advantages that neither 
technology can supply when used in isolation [1]. Hybrid machines have AM capability alongside 
the tools used in multi-axis conventional machining. By combining additive and subtractive 
capabilities, components with impressive complex geometries can be manufactured and post-
processed to produce dimensional accuracies and surface finishes that are unmatched by using 
current additive or subtractive technologies alone, all in one unified machine. One common AM 
technology typically employed in hybrid manufacturing is directed energy deposition (DED), 
which is intrinsically similar to laser cladding, a staple manufacturing process used regularly in 
industry. This manufacturing setup has become very popular in the aerospace industry. Turbine 
blade and other critical component repair has been proven to be viable with this technology, 
opening new avenues for research ventures and industrial applications [2]. In the race to render 
AM more commercially viable as a manufacturing process, hybrid manufacturing is a technology 
that is meant to bridge a disconnect between well established and emerging, state-of-the-art 





1.1.2. Hybrid Manufacturing Design & Process Planning – A Quick Overview 
The design process for hybrid manufacturing is a highly involved, intrinsically iterative 
endeavor. Figure 1 illustrates a typical process chain for hybrid manufacturing [3]. First, the 
engineer must create the geometry using a CAD software. The design is then adjusted on dedicated 
3D printing software such as Materialise Magics [4], or software tailored more towards hybrid 
manufacturing (i.e. HyperMill) to allow for successful printing without which the part will fail 
mid-build. This typically involves the selection and incorporation of support structures to hold the 
workpiece in place and maintain geometric stability due to the high residual stresses generated 
during the process. This becomes especially important in areas such as holes, channels and 
overhangs where geometric stability is at a minimum [5]. It also involves build orientation, which 
not only has an effect on the generated residual stresses and resultant print effectiveness, but also 
the component strength, surface roughness and dimensional accuracy of the print [6].  
Figure 1. Typical hybrid manufacturing process chain [3]. 
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Determining the proper process parameters is also key to ensuring the appropriate initial 
bulk and surface properties are produced to allow for accurate post-processing to be conducted 
(i.e. HIP treatment, surface finishing) [7]. An up-to-date awareness of the literature and 
organizational/industrial efforts (e.g. ASTM’s F42 Committee on Additive Manufacturing 
Technologies [8]) is key to making sure that the most up-to-date and effective methods are used.  
Once the component is successfully printed, the second iterative process of developing a 
CAM setup for subtractive manufacturing may begin. In this step, an experienced machinist can 
manually develop the machining process plan, or a CAM algorithm can be developed to conduct 
the automated CNC process. CAM software companies are developing increasingly easy-to-use 
interfaces that integrate the subtractive and the additive portions in CAM planning, such as 
HyperMill’s Additive Manufacturing Suite [9]. This toolpath design step ensures the proper 
surface finish and dimensional accuracy are produced. Furthermore, the path plan needs to ensure 
that no tool-workpiece interference is involved that would result in inaccurate execution or, more 
critically, a tool crash. Most importantly, and what is considered most difficult here, is path 
planning to ensure proper tool-workpiece reachability, especially when targeting hard-to-reach 
process zones.  
1.1.3.  Additive vs. Subtractive Manufacturing – A Crossroads 
Conventional subtractive manufacturing (SM) has experienced significant strides in recent 
years with the advent of multi-axis machining, especially when dealing with 5-axis machining 
freeform surfaces and complex geometries [10], which has become a well-established domain of 
manufacturing. The introduction of AM with SM to form hybrid manufacturing has, however, 
opened up a new realm of problems that is receiving significant interest from the scientific 
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community. Despite AM being especially celebrated for being capable of manufacturing highly 
complex geometries, it does have its limitations. Some of these limitations become highly apparent 
in hybrid manufacturing, where SM and AM reach a crossroads. More specifically, when dealing 
with highly intricate geometries in hybrid manufacturing, the issues that arise due to tool 
reachability and access in both additive and subtractive steps of the process become significant, 
increasing the probability of tool crashing dramatically. These matters become especially critical 
when engaging in repair operations, which are becoming increasingly popular and important in the 
aerospace industry [11]. With an already established base geometry, the subtractive and additive 
steps become highly spatially restricted, increasing the probability of tool inaccessibility or 
crashing. Thus, a creative approach to this problem must be devised to increase tool reachability 
and, consequently, process robustness.  
In hybrid manufacturing, the status-quo setup involves incorporating a 5-axis subtractive 
machining configuration combined with a 3+2 axis additive manufacturing configuration. 
Examples of such a setup that are currently being used in industry can be observed in the Mazak 
VC-500AM [12], the DMG-MORI LaserTec 65-3D Hybrid System [13] and the Matsuura Lumex 
Avance-25 [14]. In a typical additive step in hybrid manufacturing, the printing involves having 
the laser head axis normal to the workpiece surface. This is typically the case due to the bulky 
nature of the deposition nozzles and their corresponding optics sub-systems commercially 
available today. Slimmer nozzle designs are currently being developed to address this issue but 




1.1.4.  Hybrid Manufacturing – An Alternative Approach 
In an effort to tackle this problem domain, it is critical to understand the effects of non-
orthogonal laser-workpiece configurations on printing performance in an effort to increase the 
freedom of motion during additive steps, thus improve tool reachability and enhance the robustness 
and effectiveness of the process. The angle between the laser head vertical axis and the workpiece 
surface is known as the laser incidence angle. In terms of deposition, there are two types of 
incidence angles: lead and lean. The lead angle is the angle produced in the YZ plane, while the 
lean angle (also known as the tilt angle [16]) is the angle produced in the XZ plane (assuming laser 
travels in the Y-direction). In general, there are 4 main configurations possible: orthogonal, pure 
lean/lead and compound lean/lead angles. Figure 2 visually illustrates the differences between the 
various angular configurations discussed here. 
 
1.2 Motivation  
In an effort to render hybrid manufacturing a more industrially viable option, significant 
research both within academia and industry is being conducted on devising strategies to increase 
the robustness of the technology. One approach that has been gaining increasing research interest 
is the utilization of non-conventional angular configurations, allowing for more elaborate toolpath 
Figure 2. Orthogonal and non-orthogonal angle representations. 
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planning, increased freedom of motion and enhanced tool reachability, resulting in increased 
processing performance. 
There have been various efforts to examine the effect of laser incidence angles on printing 
performance, including characteristics such as bead geometry and laser power/surface temperature 
distributions, amongst others. However, limited work has been conducted on examining the effect 
of pure lead/lean and/or compound laser incidence angles on bead texture and microstructure, 
respectively. Furthermore, no work has been done to relate such domains with bead geometry and 
laser attenuation or other participating physical phenomena to provide a more holistic 
understanding of some of the underlying laser-matter interaction phenomena at play in directed 
energy deposition processes. From an industrial standpoint, understanding the effects of utilizing 
non-orthogonal setups can provide an important avenue for increasing the freedom of toolpath 
planning, therefore increasing the robustness of the process and allowing for certain, previously 
unfeasible process plans to be undertaken with more confidence and capability. The purpose of 
this study is thus three-fold, and involves: 
1. Examining the effect of varying laser incidence angles on geometrical, microstructural 
and textural characteristics of DED-processed materials. 
2. Developing a better understanding of laser-matter interaction phenomena present in 
DED-AM processes. 
3. Devising strategies to increase processing efficiency, quality and robustness to reduce 
print lead times and/or energy requirements. 
The ultimate goal of this new research effort is to understand the effect that participating 
phenomena have on the structure and properties of the printed material when using non-orthogonal 
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configurations. By developing an accurate understanding of such phenomena, the ability to 
produce consistent geometries, structures and properties, agnostic of the angular configuration, 
can be realized. Thus, this will render the hybrid manufacturing process more robust and attractive 
for industrial applications.   
1.3 Research Questions 
 There are multiple research questions at hand in this study, which are motivated by the gap 
in the extant literature. The over-arching goal of this work is to attempt at answering these 
questions in a fashion that would shed light on how certain phenomena behave in these simulated, 
controlled circumstances. More specifically, this study aims at answering the following questions: 
1. What morphological changes can be observed in a deposited bead when employing various, 
non-orthogonal laser incidence angles?  
2. Does the phase composition and resultant texture demographic change with varying laser 
incidence angles? 
3. What microstructural changes occur when varying laser incidence angles? 
4. What differences in absorbed power can be observed by varying the laser incidence angle 
configurations? Can the observed differences provide an explanation and/or decouple 
power losses due to laser attenuation vs. those due to laser spot size and shape variability? 
1.4 Organization of Thesis  
This manuscript is divided into six chapters. The first chapter discussed the general 
background regarding hybrid manufacturing and the motivation/relevance of this study. The 
second chapter brings the reader up to speed with the relevant literature and the present research 
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gaps that this study plans on filling. The third chapter focuses on detailing the various experiments 
conducted in this study. The first experiment focuses on examining the effects of the various 
combinations of lead and lean angles on bead geometry, which included penetration depth, bead 
height and bead width. The second experiment involves comparing the phase composition and 
textural representations of orthogonal and pure lead configurations with the raw, unprocessed 
powders via XRD measurements conducted on single-layer, multi-track samples. In the third 
experiment, a more detailed approach of non-orthogonal angles is examined by processing single-
layer, single-track specimens of various lead angles, lean and compound angles (along with 
orthogonal setup), where the bead microstructure was compared both within various regions of a 
bead and across similar regions in beads of varying angular configurations. The fourth and final 
experiment involves a laser power measurement experiment that was conducted to examine the 
effects of non-orthogonal angular configurations on the extent of power loss with the powder feed 
on and off, in an effort to decouple the effects of spot size variations and laser attenuation due to 
powder cloud formations. The fourth chapter of this manuscript exhibits the obtained results as 
well as discussion of these results. The fifth chapter provides a brief overview of the study 
limitations, while the sixth chapter summarizes the general conclusions of the study. Finally, the 
seventh and eighth chapters examine the main contributions/implications of the work done, as well 
as what would constitute a sensible set of future work endeavors that would most logically flow 





CHAPTER 2. LITERATURE REVIEW 
2.1 Laser-Matter Interaction Phenomena – A Detailed Review 
There is extensive research being conducted to examine the multiple physical phenomena 
at play when it comes to material deposition in hybrid manufacturing in general, which include 
laser-matter interactions [17], solidification dynamics [18] and microstructural evolution [19], to 
name a few. For the mass commercialization of AM to be realizable, it is important to determine 
what manufacturing conditions will yield the most appropriate material characteristics and 
properties to fit the applications in question, and ultimately allow for higher performing, better 
quality products to be produced more cheaply and more reliably. 
A critical element of AM is the powder particles used during manufacturing. Extensive 
research has been conducted on characterizing the effects of processing method, chemical 
composition, powder particle size and morphology on printing performance in AM [20]. This 
becomes especially important in directed energy deposition where, as compared to powder bed 
fusion (where the powder is relatively static), powder motion adds to the complexity of the process. 
Particle composition, size and size distribution were observed to have one of the most significant 
effects on printing quality and resultant material properties. Kakinuma et. al. examined the effect 
of powder size, distribution, and composition on the generation of structural defects, including 
compositional variations and void density, in the directed energy deposition processing of Inconel 
625 [21]. They found that a smaller particle size and a narrower particle size distribution reduces 
the probability of void and crack generation, which in turn increases the tensile strength of the 
deposited material.  They also observed that the presence of carbon can facilitate void generation.  
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In an effort to enhance particle composition integrity as well as reduce particle size and 
size distribution, the manufacturing processes used to produce such powders plays a critical role 
in how these powders perform when ultimately used in deposition operations. Ahsan et. al. 
performed a comparative study between gas-atomized (GA) and plasma rotating electrode (PREP) 
processed powders on the directed energy deposition performance of Ti-6Al-4V [22]. It was 
observed that PREP-processed powders resulted in lower intralayer porosity, an enhanced surface 
finish and a higher deposition rate capability. However, the microstructural evolution of both types 
of powders was observed to be equivalent, exhibiting an α + β general microstructure that is 
epitaxial and non-martensitic in nature. Zhong et. al. performed a similar study where they 
examined the differences between PREP and GA-processed powders on porosity and 
microstructure in Inconel 718 [23]. As observed with Ahsan et. al.’s study, porosity and dilution 
extent were lower in PREP-processed powder samples than in GA-processed samples. However, 
GA-processed samples experienced smaller dendrite arm spacings, lower Laves phase volume 
fractions and Nb segregation. It has been argued that these observations are due to the higher gas 
volume fractions inherently present due to the nature of GA powders, therefore resulting in 
elevated cooling rates (and thus enhanced microstructures). Mahmood et. al. examined the 
differences between 316L GA-powders and metal shavings of a similar size range on printing 
effectiveness [24]. Metal shavings resulted in improved deposition as well as diminished gas 
porosity when compared with the atomized powders. However, due to the higher prevalence of 
oxides on the metal shavings, higher surface oxidation was also observed.  
Laser-matter interactions also play a critical role in the printing performance in directed 
energy deposition, as well as other additive manufacturing methods. Depending on what AM 
process is being utilized (i.e. DED vs. PBF), the cooling and solidification phenomena involved 
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are directly affected by the interplay between particle structure/morphology, absorbed power, 
beam velocity, and substrate preheating conditions (if any), amongst many other process 
parameters [25]. As a result, depending on the thermal histories and surrounding volumes (i.e. 
deposition near edges, in the middle of the substrate, or on top of previous layers), the produced 
microstructure, texture and resultant residual stresses can differ dramatically [26]. The interplay 
between the powder characteristics, flow parameters, ambient conditions and laser features 
involved thus govern the resultant deposition performance. 
Within the scientific and industrial communities, significant interest is directed towards 
understanding the effects of laser parameters and characteristics on resultant printed material 
properties. For instance, Ravi et. al. compared the effects of continuous wave (CW) vs. continuous 
wave + pulsed wave laser (CW+PW) modes on microstructural evolution in PREP-processed Ti-
6Al-4V deposited samples [27]. They found that the CW mode facilitated large columnar grain 
growth to occur. However, the CW+PW mode encouraged finer, more equiaxed grain growth 
while inhibiting epitaxial grain growth. The laser modes had no perceivable differences on phase 
composition. Higher laser power, on the other hand, was observed to yield coarser grains and 
induce phase transformations. Such phase changes involve the transformation from fine 
martensitic and α phase microstructures to larger lamellar α+β microstructures with an increase in 
power. In another effort to further understand the effects of laser-matter interactions on printing 
performance, Kobryn et. al. examined the effect of laser scanning speed on structural and 
geometric characteristics Ti-6Al-4V deposited samples [29]. The presence of lack-of-fusion and 
gas pore defects increased with a higher scanning speed, as well as a higher laser power. Deposition 
height also decreased with increasing scanning speed, while the effect of power on height was not 
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clear. Furthermore, columnar grain width increases with increasing scanning speed as the cooling 
rates increase. Substrate thickness did not have a direct effect on columnar grain width, though. 
In order to provide a holistic view of laser-matter interactions of this process, research has 
been conducted to examine the powder particle’s kinematic role in printing performance. Costello 
et al. performed a parametric study of DED-processed 316L samples to examine effect of powder 
feed rate (amongst other parameters) on the mechanical and microstructural properties of the 
deposited material [28]. They conjectured that a higher powder feed rate can result in 
insufficient/incomplete particle melting due to the reduced interaction time between the laser and 
the powder particles. Such partially melted particles can play a direct role in more pronounced 
component brittleness. Furthermore, the microstructure of such particles is equivalent to the raw 
powders. Cellular structures with various orientations were also observed, along with dendrite 
formations, possibly due to remelting. Large gradients in cooling rates also resulted in some delta-
ferrite phase structures to appear, which are primarily affected by cooling rates and elemental 
segregation that may occur.  
In order to prevent excessive high-temperature oxidation during deposition, hybrid 
manufacturing typically involves the incorporation of shielding and carrier gases, typically 
composed of argon, to inhibit oxidation formation during printing, and thus prevent detrimental 
effects from manifesting in the printed product. The integration of such gases adds to the 
complexity of the process, and thus attracts much interest from various research groups within the 
field. For instance, Ruiz et. al. studied the role shielding gas compositions play in the deposition 
of Inconel 718, where they examined their effects on melt-pool temperatures and bead morphology 
[30]. They used various combinations of argon and helium gas mixtures to perform their study. 
They found that clad height decreases with an increase in He, while the remainder of the bead 
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features did not change significantly. Helium was also observed to encourage higher melt-pool 
temperatures, resulting in lower wet angles (which can explain the reduced bead height). In another 
effort, Eo et. al. investigated the effect of shielding gas flow rates on inclusion characteristics 
involved in the directed energy deposition of 316L samples [31]. Oxygen presence within the melt-
pool was observed to decrease with increasing shielding gas flow rates. In turn, a reduction in 
oxygen presence can affect melt pool surface tension in a way to possibly allow for a reversed 
Marangoni flow. Furthermore, lowering the gas flow rate while raising the laser power resulted in 
the formation of coalescence of smaller inclusions to form larger inclusions (over 10µm), which 
are detrimental to tensile strength. 
In directed energy deposition, a conically shaped nozzle outputs powder with an angle that 
allows the powder particles to meet the focused laser beam at the workpiece surface. During 
deposition, however, not all the deposited powder is melted and subsequently bonded to the 
surface, resulting in inhibited powder catchment efficiency. The interactions with the shielding 
and carrier gases can exacerbate this situation as well. The rather random and turbulent rebounding 
of the powder particles away the workpiece surface results in a powder cloud to form. This powder 
cloud thus results in unwanted laser-powder interactions that occur as the particles are flying away 
from the workpiece. As the particles get exposed to the laser beam, they absorb and/or reflect some 
of the laser energy. As a result, the effective laser energy reaching the workpiece surface (and 
consequently used to create the melt pool) is lower than the intended laser energy that left the laser 
beam source. This is referred to as laser attenuation and can result in considerable efficiency losses 
during deposition. 
Laser attenuation is, in principle, the loss of a laser beam’s effective optical power due to 
the simultaneous development of a partially absorbent and/or reflective medium along the laser 
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beam’s path as deposition occurs [32]. In additive manufacturing, this optical obstruction 
manifests in the form of the aforementioned non-melted powder particle cloud [33] and vapor 
plumes [34] (more prevalent in low-melting and boiling point alloys) that form during the 
deposition process. As this absorbent/reflective medium obstructs the laser beam path, some power 
is lost and/or dissipated en-route, resulting in power losses that can mount up to 50% in focused 
beams vs. non-focused beams [32].   
The laser incidence angle can have a direct effect on the extent of laser attenuation and can 
be strategically employed to reduce efficiency losses that are endemic of more extreme process 
parameters. Various theoretical models have been developed and coupled with experimental 
validation to analyze the effects laser attenuation has on deposition performance and have coupled 
their results with experimental data as a validation front. For instance, Fu et. al. developed a 
theoretical model that analyzes the effect of stream speed, powder particle deposition rates and 
laser incidence angles on resultant laser power and surface temperature distribution [35]. It was 
observed that lower angles resulted in more asymmetric particle temperature distributions as well 
as lower average temperatures due to the reduced travel experienced by the particles within the 
laser field. It was also observed that laser attenuation increased with increasing angles, resulting 
in upwards of 50% effective power losses and transforming the power distribution from Gaussian 
to non-Gaussian in nature. Liu et. al have also theoretically and experimentally shown that laser 
attenuation is directly linked to particle feed rate and particle speed, with up to 10% efficiency 
losses in conventional process parameter adjustments [36]. Pinkerton et. al. developed an 
analytical model that quantitatively predicts the extent of laser attenuation and resultant powder 
temperatures below the laser nozzle [37]. They found that laser attenuation becomes significantly 
more pronounced once the annular powder streams converge to form a single stream at the center, 
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though is not zero beforehand. They also observed that the powder temperature reaches a 
maximum average at the center of the stream. 
The laser incidence angle can also have a direct effect on the resultant print bead 
morphologies, which significantly affect process planning in the hybrid manufacturing realm. For 
instance, Hao et. al examined the effect of lean/tilt angle between the laser nozzle and substrate on 
bead geometry in various configurations, which include an orthogonal setup, a tilted nozzle, tilted 
nozzle and substrate, and a tilted substrate (the more common convention used in industry today) 
[16]. They observed that an increasing tilt angle results in an increasing clad width and peak point 
shifting, regardless of the configuration. This was attributed to the presence of gravitational effects 
and/or changes in spot size and geometry, depending on whether the substrate or the nozzle is 
tilted, respectively. 
2.2 Research Gaps - Revisited 
 As previously discussed, much work has been conducted on examining the effects of 
various laser-matter interactions on printing performance in hybrid manufacturing. However, little 
research has been conducted on understanding the effects of employing non-orthogonal angular 
configurations in deposition operations on printing performance, namely laser power and 
temperature distributions and bead morphology. Furthermore, no research has been conducted on 
examining the effects of non-orthogonal angular configurations on microstructure and textural 
representation, nor has there been any effort in developing a correlation of such characteristics 
with bead morphology.  
 This work is aimed at targeting these specific topics to develop a more thorough 
understanding of how employing non-conventional deposition techniques alters the laser-matter 
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interaction phenomena present in hybrid manufacturing. In an effort to bring this technology closer 
to becoming a highly competitive manufacturing technique, increasing the robustness of the 
process by devising strategies to increase the freedom of motion of the equipment is a logical step 
















CHAPTER 3. EXPERIMENTAL PROCEDURE 
3.1 General Experimental Procedure & Simplifying Assumptions 
Directed energy deposition (DED) was employed to perform the required experiments in 
this study using the Mazak VC-500AM HWD hybrid machine. The powder material of choice was 
316L austenitic stainless steel (sourced from LPW Technology Limited, a Carpenter Company) 
which is of considerable interest in the AM academic and industrial research communities. The 
material was deposited on a 316L substrate with a thickness of 0.25in to prevent excessive 
distortion/bowing endemic of the high temperatures and cooling rates (thus resultant residual 
stresses) experienced in the process. This thickness also provided enough heat sinking capabilities 
to the deposited material, thus mimicking those typically observed in industrial applications that 
involve thick-wall substrate structures. The chemical composition of the powder material is 
provided in Table 1. The particle size distribution of the powder used in this study was within 45-
106µm, per the sieve analysis conducted following ASTM-B214. The process parameters were 
kept constant to isolate effects of incidence angle on phase composition, texture, bead morphology 
and microstructure. Table 2 illustrates the parameters used for this process.  
Table 1. 316L Austenitic Stainless-Steel Chemical Composition (wt %) (Sourced from LPW 
Technology Limited, a Carpenter Company) 
Fe Cr Ni Mo Mn Si N C Cu O P S 






Table 2. AM Process Parameters 
Parameter Value 
Scanning Speed (mm/min) 300 
Laser Power (W) 400 
Nozzle Gas Flowrate (L/min) 2 
Shielding Gas Flowrate (L/min) 10 
Carrier Gas Flowrate (L/min) 5 
Metering Disc Duty Cycle (%) 66 
As discussed previously, a total of 4 experiments were conducted in this study. In the first 
experiment, the pure lead and pure lean angle configurations effects on bead morphology were 
examined to better understand the inherent limitations in this unique processing technique, and 
whether alternative deposition techniques can be used to enhance the robustness of the hybrid 
manufacturing process. The second experiment focused on determining differences in phase 
composition and texture between non-orthogonally (pure lead) deposited, material, orthogonally 
deposited material, and the raw, unprocessed powder. In the third experiment, pure lead, pure lean 
and compound angle configurations and their effects on microstructure were examined. Finally, 
laser power measurements were conducted using a laser power meter to examine how the effective 
power reaching the supposed substrate is affected by the usage of non-orthogonal incidence angles, 
both with the powder feed on and off, in an attempt to decouple laser spot size and laser attenuation 
effects. 
Due to the 3+2 axial configuration that the additive deposition head possesses, there are 2 
deposition techniques with regards to lead angle. For angles lower than 90°, the deposition head 
‘climbs up’ the substrate, as shown. For angles larger than 90°, the deposition head ‘climbs down’ 










In this study, some assumptions were made to restrict the complexity of the problem being 
targeted: 
1. Controllable process parameters (i.e. laser power, powder feed rate…etc…) remain 
constant throughout the entirety of a deposition or laser measurement event. 
2. The ambient conditions remain constant throughout a deposition or laser measurement 
event, including ambient temperature and humidity.  
3. Laser incidence angle variations observed throughout a deposition or laser power 
measurement event are assumed to be minute and have negligible effects on print quality. 
4. The slight bowing/distortion experienced by the substrate during deposition is small 
enough to not result in any changes in the extrinsic and intrinsic characteristics of the 
deposited samples. 
5. Satellite bead formations typically found along the outskirts of the primary bead are 
ignored in metallographic examinations. 
Figure 3. Lead angle deposition techniques for acute and 
obtuse lead angle configurations. 
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3.2 Experiment 1 - Examination of Laser Incidence Angle Effects on Bead Morphology  
In this experiment, a set of 5” long single tracks were deposited of the orthogonal, pure 
lean and pure lead angular configurations. The angular configurations examined here are illustrated 
in Table 3. Long tracks were deposited in this experiment to produce up to 5 cross sectional 
samples for each condition to ensure statistical significance and reproducibility. The samples were 
deposited approximately 5mm apart in order to prevent heat-affected zone (HAZ) overlap, which 
can interfere with the melt-pool and solidification dynamics as well as the resultant microstructure 
of the deposits. A single layer track was employed to avoid altering melt-pool behaviors and 
introducing secondary effects of vertical inter-layer diffusion and solidification phenomena, 
therefore convoluting the primary results of this study. A total of 9 different angular configurations 
were examined, including orthogonal, pure lean, pure lead setups. 
Table 3. Experiment 1 Examined Angular Configurations 
Angular Configuration Lead Angle - ϴ (°) Lean Angle – β (°) 
Orthogonal 90 0 
Pure Lean 90 15, 30 
Pure Lead 45, 60, 75, 105, 120, 135 0 
 After deposition, the samples were sectioned and prepared for metallographic analysis. The 
samples were cold mounted in curable epoxy resin and subsequently polished down to 0.05µm for 
a flat, scratch free finish. They were then etched with a 3:2:1 solution of distilled water, 
hydrochloric acid and nitric acid, respectively, to allow for accurate bead geometry appearance 
and subsequent examination using a Leica LASX optical microscope. Bead height, width and 
penetration depth were measured using Leica’s LASX analysis software and henceforth recorded.  
The goal of this experiment was to examine the lean and lead angle effects on bead morphology 
as compared to the orthogonal condition. Figure 4 illustrates the experimental and metallographic 










3.3 Experiment 2 – Lead Angle Effects on Phase Composition & Texture 
In this experiment, samples were prepared to examine the effects of lead angles on phase 
composition and texture representation in deposited tracks. Three 1”x 0.5”, single-layer, multi-
track samples were produced: a sample with an orthogonal configuration two samples with pure 
lead angles of ϴ = 60° and 120°. A single layer track was employed to avoid altering melt-pool 
behaviors and introducing secondary effects of vertical inter-layer diffusion and solidification 
phenomena, therefore convoluting the primary results of this study. Figure 5 illustrates the main 
angular configurations and sample dimensions used in this study. 
Figure 4. Laser incidence angle effects on bead morphology - Experimental setup. Top: 
cross sectional display of analysis area. Bottom: Overall experimental setup, with the 






After deposition, the samples were polished down to 4,000 grit in preparation for the X-
ray diffraction measurements. For this study, two X-ray machines were used: the Panalytical 
Empyrean XRD System for phase analysis (using a Chi-Phi-Z stage and a Cu anode material) and 
the Panalytical XPert PRO MRD XRD system for textural analysis. The generator voltage and 
tube current were kept at 45kV and 40mA throughout all measurements on both machines. 
The phase analysis was conducted on all three samples as well as the raw, unprocessed 
powder to provide a comparative basis on the processing effects on phase composition. The X-
Ray scan range was between 30° and 140° with a Continuous scan setting. The Empyrean machine 
was used here. A more comprehensive list of the exact measurement parameters used for the 
measurements conducted in this study is provided in Tables A1 in the Appendix.  
Figure 5. X-Ray sample configurations. Bottom left: ϴ = 60° pure lead condition. 
Bottom middle: ϴ = 120° pure lead condition. Bottom right: Orthogonal 
condition. Rolling direction (RD) represents the laser travel direction. The normal 
direction (ND) represents the vertical axis. 
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The textural analysis was conducted to obtain orientation distribution functions (ODF) to 
map the textural demographics present in the samples. The orientation distribution functions 
provide a global representation of texture within a large area of a sample, thus providing a more 
high-level view of the texture demographics in the investigated samples. The coordinate 
transformation angles φ, φ1 and φ2 represent the 3 angular transformations required to convert from 
the sample’s coordinate system to each crystal plane’s coordinate system within the sample. A 
high intensity observed in an ODF plot indicates that there is a high prevalence of a certain crystal 
plane with the prescribed crystallographic orientations represented by the φ, φ1 and φ2. In other 
words, words, these angular combinations represent the crystallographic orientations present 
within the samples. 
 The MRD system was utilized for this experiment. In terms of incident beam optics, the 
MRD machine is equipped with an 8mm polycapillary lens, coupled with a 2x2 masking lens. For 
the diffracted beam optics, the machine was equipped with a 0.27° parallel plate collimator and a 
proportional detector. The resultant raw data was then corrected for background noise and 
normalized to obtain the accurate ODF representations. Once the measurements were completed, 
Panalytical HighScore Plus® was used to analyze the diffraction peak patterns for materials/phase 
identification. Textural data was analyzed using the MATLAB MTEX toolkit. More specifically, 
MTEX was used to produce the required orientation distribution functions for data visualization 
of a global map of texture within each sample. The raw data was corrected for background noise 
and normalized prior to all calculations to render more meaningful results.  
3.4 Experiment 3 – Lean & Lead (Pure & Compound) Angle Effects on Bead Microstructure 
In this experiment, the bead microstructure of pure lead, pure lean, compound lead/lean and 
orthogonal configurations was examined and henceforth compared. A set of 1” single-track, 
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single-layer samples with various angular configurations were deposited. The specific angular 
configurations are illustrated in Table 4. The samples were deposited approximately 5mm apart to 
prevent HAZ overlap. They were then sectioned and polished down to 0.05µm for a flat, scratch-
free mirror finish. The samples were then etched using the same etching solution described in 
Experiment 1 to allow for accurate microstructure and metallographic examination using the Leica 
LASX optical microscope. In this experiment, the microstructure was carefully analyzed. Figure 
4 illustrates the sample setups examined here, as well as the strategy used to examine the 
microstructure.  
Table 4. Experiment 3 Examined Angular Configurations 
Angular Configuration Lead Angle - ϴ (°) Lean Angle – β (°) 
Orthogonal 90 0 
Pure Lean 90 15 
Pure Lead 75, 105 0 
Compound 75, 105 15 
The grain size was examined in 7 regions that cover the entirety of the bead: center, bottom-
left, bottom-center, bottom-right, left, top-center and top-right. The examined regions were 100µm 
x 100µm squares, as illustrated by the green boxes in Figure 6. The conventional, line-intercept 
manual method was employed here. Five straight, horizontal lines were drawn at equal intervals 
within the square region. To determine the grain size, the number of grain boundaries present along 
the 100µm drawn line were counted, and Equation 1 [38] was used to calculate the effective grain 
size: 
𝐺𝑟𝑎𝑖𝑛 𝑆𝑖𝑧𝑒 =




After obtaining the grain sizes in the respective regions, the data was plotted to compare grain 
size values/demographics using two approaches: 
1. Compare the grain sizes between regions within a single bead to develop an understanding 
of the inter-bead grain size demographic and use that as a precursor for comparing between 
beads. 
2. Compare the grain sizes of specific regions between different beads to determine if 










Figure 6. Lead angle effects on bead microstructure experimental setup. Top left: Angular 
configurations. Bottom left: Top view of single-track setup on substrate, along with the 
sectioning line. Top right: Cross sectional area to be investigated metallographically. L = left, C 
= center, TC = top center, TR = top right, BL = bottom left, BC = bottom center, BR = bottom 
right. Bottom right: examined region manual intercept method setup. 
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3.5 Experiment 4 – Laser Power Attenuation Quantitative Determination Study 
In this experiment, a laser power meter was utilized to quantitatively measure the effective 
power reaching the surface of a substrate under controlled conditions. The power absorbed by the 
power meter (termed the effective power here) was then compared to the command power (which 
was set at 400W for this experiment) to obtain the difference in power, which would represent the 
power loss experienced as the laser travels to the substrate.  Equation 2 represents this simple 
calculation. 
𝑃𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =  𝑃𝑐𝑜𝑚𝑚𝑎𝑛𝑑 −  𝑃𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑒𝑑  (2) 
A Macken Instruments P-2000Y Analog Laser Power Probe (2,000W Rating) was used in 
this experiment. The analog power probe was fixtured into the hybrid machine bay and was 
exposed to the laser at a 33mm stand-off distance that produces a laser spot size slightly larger 
than the 1.09cm minimum spot size recommended by the manufacturer. The power probe was then 
exposed to the laser for approximately 21s to prevent damage to the equipment as well as ensure 
an accurate reading was conducted, as per the device manufacturer instructions. Due to the 
cylindrical shape of the power probe, the laser travel path was adjusted to form a circular trajectory 
at an angular speed equivalent to the 300mm/min linear speed employed in previous experiments 
in this study. The diameter of this path was also adjusted to allow for a full 360° turn within the 
allotted 21s exposure time. This would ensure that the probe was adequately and uniformly 
exposed to the laser, thus facilitate proper laser absorption and accurate data collection. 
Once this was complete, the power meter was left idle to allow for the readout dial to reach 
an equilibrium and the resultant equilibrium value was then recorded. This process was repeated 
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for all the angular configurations to be examined here. In between runs, the power meter was 
cooled down to room temperature by submerging it in water and ensuring it has reached ambient 
temperature. This was done by keeping the probe submerged under water until the dial has 
successful reached the 0W reading. Once the dial reached 0W, the probe was then adequately dried 
to ensure no moisture was left on the probe surface, which can lead to inaccurate readings. Table 
5 represents the examined angular configurations. The goal here was to attempt to decouple the 
effects of the laser attenuation and laser spot size/shape on the laser-particle interactions during 
deposition, and thus isolate the phenomena in terms of their potential participation in the observed 
bead morphology of the samples. 
The measurements were first conducted with the powder feed turned off to examine the 
effect of laser spot size and shape on the effective power reaching the surface. Afterwards, the 
measurements were conducted with the powder feed on to determine the effect of the resultant 
powder cloud on the effective power. Some preliminary runs of this experiments illustrated that 
the current process parameters and the preset 33mm standoff distance did not cause any damage 
to the probe surface, which can be detrimental to the calibration of the device. The preliminary 
runs were also conducted to ensure that no powder is being deposited directly on the probe, which 
can lead to complications in data collection. 
Table 5. Experiment 4 Examined Angular Configurations 
Angular Configuration Lead Angle - ϴ (°) Lean Angle – β (°) 
Orthogonal 90 0 
Pure Lean 90 15, 30, 45 
Pure Lead 45, 60, 75, 105, 120, 135 0 




CHAPTER 4. RESULTS & DISCUSSION 
4.1 Results 
4.1.1 Experiment 1 – Effect of Lead & Lean Angle on Bead Morphology 
Figure 7 illustrates the resultant bead widths, heights and penetration depths of the various 
angular configurations examined. For the pure lean angle configurations, it can be observed that 
all bead morphology parameters experienced a consistent, gradual drop in value with increasing 
lead angle as compared to the orthogonal condition. More specifically, the penetration depth, bead 
height and bead width dropped by approximately 50%, 30% and 10% as the lead angle increased 
from 0° to 30°, respectively. 
Figure 7. Lean and lead angles effects on bead morphology. [A] Pure lean angular configurations. [B] Pure 
lead angular configurations. 
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 With regards to the pure lead angular configurations, the orthogonal condition exhibited 
the largest morphology parameters as compared to the other, pure lead conditions. A normal curve 
behavior was observed in all 3 parameters. However, there was an observed asymmetry in the 
curves. Bead morphology parameters were lower in lead angle configurations higher than 90° as 
compared to their mirror equivalents (i.e. 75° vs. 105°, 60° vs. 120°, 45° vs. 135°). However, the 
penetration depth at 75° and 105° were observed to be slightly more equivalent here, with the 75° 
condition being ~7% larger than the 105° condition. Nevertheless, more extreme angular 
configurations experienced greater disparity when compared with their mirror counterparts. 
4.1.2 Experiment 2 – Lead Angle Effects on Phase & Texture 
Figure 8 illustrates the X-Ray diffraction peaks of the non-orthogonal and orthogonal 
configurations as well as that of the unprocessed powders. The diffraction peaks were overlaid on 
top of each for ease of visualization. The material candidates that matched the unprocessed and 
processed samples (C-Cr-Fe-Ni and CFe15.1) were austenitic FCC phases. Despite the peak patterns 
being slightly off the expected γ-Fe austenitic phase, the qualitative determination of an austenitic 
FCC phase was sufficient for subsequent analyses, which were highly dependent on the h-k-l 
values representative of the detected peaks at lower angles. 
Figures 9 to 11 illustrate the calculated orientation distribution functions of the non-
orthogonal and orthogonal processed samples. From the texture measurements conducted, it was 
observed that similar textural representations were present in orthogonal and non-orthogonal 
samples. Significant texture was observed at φ = 60°, φ2 = 45° and all φ1 values for all the samples, 
indicating that fiber texture is dominant in this specific orientation. Furthermore, high texture 
intensities were observed in the φ2 = 15° and φ2 = 75° plots around φ = 75° in various φ1 angles, 
 30 
as observed in the figures. The remaining areas in the ODF’s shown exhibited little texture 
elsewhere, confirming that a significant textural representation is indeed present, as is also 












Figure 8. X-Ray diffraction peak patterns. Yellow: raw, unprocessed powder. Red:         




Figure 9. Orientation distribution function plots. ϴ = 60°, β = 0°. 
Figure 10. Orientation distribution function plots. ϴ = 90°, β = 0°. 
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4.1.3 Experiment 3 – Lean & Lead (Pure & Compound) Angle Effects on Bead Microstructure 
 
Figure 12 illustrates the grain size demographics differences of the various regions within 
a certain sample and across samples for pure lead angle and pure lean/compound angle 
configurations, respectively. The data was divided into 2 plots: a pure lead condition (β = 0°) and 
a compound condition (β = 15°). Within each plot, all 7 regions that were selected to examine the 
microstructure are illustrated and are separated from each other as shown. Within each region of 
the plots, the various angular configurations are situated side-by-side for an easy-to-visualize 
comparison. This figure setup allows for a more comprehensive view of the grain size within each 
region, across regions as well as across various angular configurations. 
 





As observed in Figure 12, little microstructure grain size variations were observed with 
changing lead and lean combinations, across samples, with variations not exceeding 1-1.5µm. 
Furthermore, variations between neighboring regions within a sample also did not exceed 2-
2.5µm. Nevertheless, the grains nearest to the center was slightly smaller than on the outer edges 
of the bead. Figure 13 illustrates the micrographs obtained from pure lean, pure lead, compound 
and orthogonal angular configurations. Similar solidification fronts were observed in all samples. 
They all exhibited a radial symmetry which originated in the top center region of the beads, as 
shown. Columnar and dendritic structures were detected at the outer edges of the bead (more 
specifically at the bead-substrate interface), while more equiaxed and cellular structures / sub-
grains were observed closer to the center of the beads. Appendix B exhibits the micrographs found 
in Figure 13 at a larger size for the reader’s convenience and reference. 
Figure 12. Pure lead, lean and compound angle effects on grain size across samples 
and sample regions. [A] Pure lean and compound angular configurations. [B] Pure 



















Figure 13. Micrographs of orthogonal and non-orthogonal solidification fronts. A: ϴ = 75°, β = 0°. B: 
ϴ = 90°, β = 0°. C: ϴ = 105°, β = 0°. D: ϴ = 75°, β = 15°. E: ϴ = 90°, β = 15°. F: ϴ = 105°, β = 15°. 
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4.1.4 Experiment 4 – Laser Power Attenuation Quantitative Determination Study 
 Figure 14 illustrates the laser power measurements obtained from this experiment.  A drop 
in power of approximately 25-50W, representing a 6.25% to 12.5% drop from the command power 
of 400W, was observed when the machine was operated with the powder feed turned off. With 
regards to the effect of varying the incidence angles, the consequential laser spot size changes that 
were experienced did not have a specific effect on the amount of power reaching the probe surface. 
No observable trend was seen in the obtained results, with most data points lying within a 25W 
range between 350W and 375W. The measured power was, on average, approximately 362.5 ± 
12.5 W for all measured incidence angle combinations. When the powder feed was turned on, the 
measured laser power dropped an additional 25-50W, resulting in a 18.75% to 25% overall drop 
from the command power of 400W. As also observed when the powder feed was off, changing the 
laser incidence angle configuration did not have a significant effect on the power 
measured/absorbed by the probe. The measured power here was, on average, approximately 315 











4.2.1 Experiment 1 - Examination of Laser Incidence Angle Effects on Bead Morphology 
In this experiment, it was observed that the bead height, width and penetration depth 
dropped with increasing lean angles, and followed a normal-type distribution with increasing lead 
Figure 14. Laser attenuation quantitative measurements. [A] Powder feed turn 
off. [B] Powder feed turn on. 
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angles. These results do not match the results obtained by Hao et. al, which show a steady increase 
in bead width and a somewhat stable bead height with increasing lean angles [16].  
With regards to penetration depth, one possible reason why it tends to drop with increasing 
lead and lean angles is due to the absolute distance travelled by the laser once it interacts with the 
substrate. In an orthogonal setting, the laser penetrates directly into the thickness of the material, 
therefore resulting in the highest penetration depth. However, with more inclined lean and lead 
angles, the laser travel trajectory is now increasingly diagonal to the surface of the substrate. 
Though it may travel an equivalent absolute distance within the substrate (though at a tilt), the 
laser in the inclined configuration would result in a smaller absolute penetration depth. Such 
diminutions in penetration depths have been indeed observed in pulse laser welding of stainless 
steel, where penetration depth dropped with increasing incidence angles [39]. Figure 15 illustrates 









Figure 15. Penetration depth changes due to the 
employment of non-orthogonal angular configuration. 
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Given that one of the targets of additive manufacturing is to ensure consistent material 
properties and geometric characteristics during printing, having a lower penetration depth may be 
advantageous. With a lower penetration depth, the remelted and recrystallized regions of 
previously deposited material can be reduced in size, and thus result in a less complex/involved 
thermal history during the printing process. Thus, the exploitation of non-orthogonal angular 
configurations can provide some avenues for alternative printing techniques, increasing the 
robustness of the process. 
With regards to bead height and width, it appears that with increasing lean and lead angles, 
powder catchment becomes an observable issue. As the powder stream exits the coaxial nozzle 
and begins to interact with the laser, it quickly heats up to melting point and consequently adheres 
to the melt pool. As the powder stream impacts the substrate surface, not all powder particles 
within the stream experience full (or even partial) melting. This impartial and/or non-existent 
melting is a primary reason for the existence of spatter and powder cloud formations, respectively. 
With such increased incidence angles, the probability of some of the un-melted, partially and fully 
melted material to leave the melt-pool grows, and is a primary reason for the formation of spatter 
along the deposit edges [40]  The interaction time between the laser and the powder particles is 
directly related to the probability of these particles experiencing full, partial or no melting, and this 
outcome is primarily governed by the distance travelled within the laser’s line of action. In other 
words, the longer a powder particle spends within the laser beam’s line of action, the more energy 
it absorbs, and thus the propensity of it melting increases. Figure 16 illustrates the trajectory of the 










During deposition, powder particles hit the melt pool and float momentarily prior to 
melting [41]. With a continuous flow of powder during deposition, a significant number of powder 
particles impact those particles that are momentarily suspended in the melt-pool, resulting in 
bounce-back. In the orthogonal setting, such non-melted powders tend to bounce back at an angle 
equivalent to the coaxial nozzle geometry, which lies within the 12-15° range. This results in some 
of these particles to remain within the line of action of the laser, therefore experiencing more 
heating and subsequent melting in the form of spatter or re-incorporation into the melt-pool. The 
probability of a powder particle to become part of the spatter or melt-pool demographic is directly 
dependent on the complex mid-air interactions between powder particles being deposited. Given 
that the overall trajectory of powder particles in this setting is designed in such a way to ensure 
adequate powder catchment efficiency is achieved. The coaxial nozzles are also specifically 
designed to allow for optimum powder catchment when the laser is orthogonal to the substrate 
surface. However, with higher lean and lead angles, the bounce-back angle of these un-melted 
Figure 16. Effect of deposition technique on powder catchment. 
The dashed lines represent the bounced particles’ trajectory. 
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particles increases significantly, thus reducing the interaction time between the laser and such 
particles. As a result, powder catchment efficiency drops, leading to diminished bead morphology 
characteristics.  
The apparent asymmetry in bead characteristics between lead angles above and below 90° 
can be attributed to the deposition techniques discussed previously and illustrated in Figures 3 and 
16. For lead angles under 90°, as shown, as the particles ricochet off the substrate, they are meant 
with a ‘barrier’ of the previously deposited material. As a result, some of the ricochet particles are 
brought back into the melt-pool, slightly enhancing powder catchment efficiency. However, this 
phenomenon diminishes with increasingly non-orthogonal angles. For lead angles over 90°, the 
particles ricochet off the substrate with no previously deposited material to serve as a barrier, 
therefore resulting in more pronounced decrease in powder catchment efficiency. Figure 16 
illustrates this phenomenon.  
Another possibility to the asymmetry here could also be due to the difference in the laser 
beam interactions at and near the melt pool. As the laser beam hits the substrate surface, most of 
the energy is absorbed by the substrate, while the remainder of the laser energy is reflected. For 
lead angles under 90°, as the laser beam hits the surface, the reflected energy is met with the 
previously deposited material. This allows some of that energy to be absorbed by the substrate and 
the previously deposited material at the tail end of the melt zone as it travels up the substrate. As 
a result, more energy is deposited into the melt zone, thus allowing for more powder particles to 
melt. On the other hand, with lead angles larger than 90°, there is no previously deposited material 
to help concentrate that initially reflected energy, thus resulting in all the reflected energy to travel 
away from the substrate, hence reducing powder catchment.  
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In conclusion, it can be conjectured that penetration depth decreases with increasing lead 
and lean angles due to the diminished absolute distance travelled perpendicularly to the substrate 
surface. However, the actual laser penetration depth, though at an angle, may be equivalent to the 
orthogonal configuration. It was also determined that bead height and width decreased possibly 
due to the reduced laser-powder interaction time experienced as well as the differences in melt-
zone characteristics (in terms of reflected laser energy). In an effort to utilize the observed 
phenomena to the benefit of enhancing the robustness of the process, a couple strategies can be 
devised. First, the powder feed rate can be increased to accommodate for the powder lost due to 
the diminished interaction times experienced by the laser at non-orthogonal configurations. This 
will allow for the bead height and width to increase and thus reach comparable values as the 
orthogonal setting, while maintaining a low penetration depth. The drawback, however, to this 
strategy is the increase in material waste during printing. The second strategy can involve 
increasing the laser power to allow for the limited interaction times experienced to be enough to 
melt the powders, therefore increasing bead height and width. However, this will result in an 
increased penetration depth, which makes the thermal history of previously deposited material 
more complex. A trade-off can be observed in this scenario between increased material waste vs. 
increased penetration depth, which may yield higher anisotropic behaviors. 
4.2.2  Experiment 2 - Lead Angle Effects on Phase & Texture 
Austenitic FCC phases were observed in both processed and unprocessed samples, as 
expected. However, no other phases were detected in this experiment, as compared to the detected 
delta ferrite in Costello et. al.’s efforts [28]. With Cr content slightly under 18 wt%, the Mn content 
here (~1 wt%) acts as an austenite stabilizer (as compared to becoming a ferrite stabilizer at 
concentrations around 5-8 wt%) [42]. Furthermore, the presence of Ni in high concentrations 
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(~13%) also promotes austenite stabilization. Thus, the presence of austenitic FCC phases is valid 
in this experiment. 
The diffraction peak patterns measured for the unprocessed and processed samples 
nevertheless provide valuable information of the material. The relatively large intensity counts 
observed for the first (and possibly second) peaks indicate that there is a significant textural 
representation in the material, even in the case of the unprocessed material, with a substantial 
intensity count for the 111 crystal plane. The diffraction patterns of all 4 samples were observed 
to be equivalent, with some slight variations in peak locations and intensities. 
The slight differences in diffraction patterns between the unprocessed and processed 
materials can stem from two possibilities. First, during processing, carbide and/or precipitate 
formations (which are common in 316L austenitic stainless steels, especially M23C6 carbides) 
could have occurred during the heating and re-heating of the material as one track is deposited 
next to the other to form the single layer [43]. The fact that the powder particles are also sized at 
44-106µm, while the recommended powder size for such an experiment is under 500nm, can be a 
contributor. Slight peak broadening was also observed, which can be attributed to the presence of 
residual stress (typically observed in additively manufactured materials) as well as the texture 
representation within the material.  
The orientation distribution function results show that a clearly visible fiber texture is 
present in the processed samples. Specifically, the fiber texture can be seen with consistently high 
intensities at φ = 60°, φ2 = 45° and all φ1 values. This can represent the columnar and dendritic 
formations that are endemic of the rapid solidification phenomena observed in this process. Some 
visible texture with high intensities is also present in the φ2 = 15° and φ2 = 75° plots. These can 
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represent the remainder equiaxed and cellular grain and sub-grain orientations that represent the 
general microstructural demographic of AM samples. Epitaxial growth can explain the reason 
behind the heavily fibrous texture representation observed in this process and has been indeed 
observed in additively manufactured materials [44]. With the very thin layer depositions 
experienced in DED deposition (around 500µm in height, at most), epitaxial phenomena can 
indeed play a role in the textured nature of AM processed materials. 
4.2.3 Experiment 3 - Lean & Lead (Pure & Compound) Angle Effects on Bead Microstructure 
 
The bead microstructure of the various angular configurations examined in this experiment 
appeared to be equivalent both when comparing regions within a sample and comparing between 
samples. Similar solidification fronts (directed radially outwards from the center, namely towards 
the bead-substrate interface) were observed in all samples. Grain size did not change significantly 
as well. Nevertheless, center regions showed slightly smaller grain size as compared to the outer 
regions. This can possibly be due to slightly elevated solidification rates as the heat transfer is 
directed radially outwards towards the substrate. Columnar and some dendritic structure were 
observed at the bead-substrate interface, while more equiaxed and cellular structures were 
observed closer to the center. Such solidification microstructure is a common observance in DED-
processed materials [45] 
The fact that little differences were observed between samples indicates that the 
solidification phenomena present here are similar, if not equivalent to a degree. This is a fortunate 
finding, since the ultimate goal of enhancing the process’ performance is to increase robustness. 
With a non-changing microstructure with various angular configurations (while maintaining 
identical process parameters), a freedom of motion in terms of deposition can be investigated. 
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More specifically, an opportunity reveals itself in the sense that a transcendence from the 
conventional 3+2 axis to a 5-axis configuration in the additive portion of this hybrid manufacturing 
technique is potentially possible from a microstructural standpoint.  
4.2.4 Experiment 4 - Laser Power Attenuation Quantitative Determination Study 
In this experiment, it was observed that laser power experiences losses between 25W-50W 
with the powder feed turned off, and 75W-100W with the powder feed turned on, providing a clue 
that laser attenuation does indeed play a detrimental role in laser absorption by the substrate 
(which, in this case, is the laser power probe). Given that the standoff distance was 33mm for this 
experiment (to prevent equipment damage), neither the laser beam nor the powder stream were in 
focus, and thus did not provide an up-close representation of the actual laser-matter interactions in 
regular deposition operations, where the beam and powder streams are focused. These results 
match those obtained by Lin et. al [32], where non-focused beams tend to experience less 
pronounced power losses as compared to focused beams, which can experience up to 50% losses. 
Given that the experienced power losses with the powder feed on were up to 25%, the results seem 
reasonable. 
Despite the inability of the experimental setup used to accurately describe the laser-matter 
interactions that typically occur in normal circumstances with focused beams, the goal here was to 
nonetheless examine relative differences in laser absorption when laser incidence angles are 
varied. In that respect, the experiment was successful in providing useful information to better 
understand the effects of incidence angle on laser absorption. 
With the powder feed turned off, the experienced power loss of 25-50W can be attributed 
to the presence of various particulates present within the machine during this operation (i.e. 
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humidity from machine coolant evaporation, some residual powder particles that remain from 
previous machine runs…etc…), which cannot be entirely removed from the machine and would 
be impractical to do so in regular operations. Only in a high vacuum would no power loss be 
experienced.  
The varying of laser incidence angle did not result in an observable trend in laser power 
loss across all angles with the powder feed turned off. Despite the laser spot size having 
experienced significant changes (especially at a 33mm standoff distance), the utilized laser power 
probe only measured the cumulative absorbed power during the 21s exposure time. Within the 21s 
exposure time, thus, no differences in cumulative absorbed power were observed. Similarly, 
running the machine with the powder feed on did not result in any observable trends with varying 
laser incidence angles.  
This indicates that more detailed examinations are warranted with more highly capable 
equipment. Digital power probes with real-time data acquisition capabilities may provide a better 
idea on the rate of power absorption during the allotted exposure time, which may provide further 







CHAPTER 5. STUDY LIMITATIONS 
As is customary with any work, this study does have limitations that confines its scope. 
Nevertheless, within the scope of the work conducted here, the experiments were successful in 
obtaining insightful results that can be used for subsequent studies and applications. 
First, with regards to the bead geometry experiment, the absence of advanced process 
monitoring techniques, such as thermal melt-pool imaging and video capture, does lead to some 
limitations regarding the conclusions that were made in this study. In other words, in order to prove 
what was discussed here, it is important to conduct more advanced, in-situ process monitoring, 
possibly with high speed video capture, to provide an up-close depiction of the actual laser-
powder-substrate interactions at play. From there, more confidence can be emphasized on the 
resultant conclusions from this study. Nevertheless, the results obtained and provided explanations 
provide an adequate pre-cursor to subsequent studies that are indeed warranted.  
With regards to the phase and texture analyses, the slight differences in diffraction patterns 
between the unprocessed and processed materials can stem from the fact that diffraction 
experiments are optimum when utilizing particles smaller than 500nm. With bulk materials, some 
limitations are expected in the overall accuracy. In order to produce the most accurate results, the 
samples would have needed to be separated from the substrate and ground down to 500nm, which 
is impractical to do for the scope of this study. Nevertheless, the results obtained were adequate in 
providing us with the necessary information to move forward with our analyses. Since textural 
analysis is affected by the overall flatness of the samples, any slight deviations during installation 
can lead to some inaccuracies to form, which is expected to a degree.  
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In the microstructural analysis conducted, despite the fact that the manual intercept method 
only provides a somewhat low-resolution depiction of the microstructure and grain size in general, 
the goal was to nevertheless examine the relative differences between varying angular 
configurations. Given that there were no observable differences between them, no further 
investigation was necessarily required, nor was there a need for more advanced data analysis 
techniques (i.e. grain size calculator automated algorithm). 
In the laser power quantitative measurement, neither the laser beam nor the powder stream 
was in focus, and thus did not emulate regular deposition operations, where the beam and powder 
streams are focused. These results match those obtained by Lin et. al [32], where non-focused 
beams tend to experience less pronounced power losses as compared to focused beams, which can 
result in up to 50% losses. Despite the inability of the utilized probe to measure laser-matter 
interactions in focused beams, the goal was to nonetheless examine relative differences in overall 
laser absorption when laser incidence angles are varied which, in that respect, the experiment was 
successful in. This indicates that more involved investigations with more capable equipment are 











CHAPTER 6. STUDY CONCLUSIONS 
In this study, the effects of laser incidence angle on bead morphology, phase composition, 
textural representation, bead microstructure and resultant power losses were examined. The 
following conclusions were resultant: 
1. The ricochet effect, extent of absorbed reflected energy and resultant powder catchment 
efficiency play an integral role in bead geometry generation. Acute lead angles are 
preferred due to the presence of the previously deposited material, which acts as a barrier 
to ricochet particles and thus enhance powder catchment.  
a. Bead heights experienced up to 27% and 63% drops in extreme acute and obtuse 
lead angles, respectively, when compared with the orthogonal condition. 
b. Bead widths experienced up to 14% and 46% drops in extreme acute and obtuse 
lead angles, respectively, when compared with the orthogonal condition. 
c. Penetration depths experienced up to 65% and 89% drops in extreme acute and 
obtuse lead angles, respectively, when compared with the orthogonal condition. 
2. Bead characteristics also dropped with exceedingly non-orthogonal lean angles, though not 
as significantly as those experienced by lead angles (up to 49%, 27% and 8% drops in 
penetration depth, bead height and bead width for exceedingly non-orthogonal lean angles). 
3. Austenitic FCC phases were observed in both unprocessed powders and the processed 
samples, with diffraction patterns exhibiting potential texture in the 111 and 200 planes, 
and some peak broadening representative of residual stress presence in the samples. Little 
differences between the samples were observed, though. 
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4. Significant fibrous and other localized textures were present, indicating the presence of 
columnar/dendritic and equiaxed/cellular structures, respectively. Little textural 
differences between samples were observed. 
5. No significant differences in microstructural composition or grain size were detected with 
varying incidence angles. Equivalent solidification microstructure was observed, with 
grain size variations remaining within the 1-1.5µm and 2-2.5µm ranges both within and 
across beads, respectively. 
6. Powder feed results in more pronounced laser attenuation when compared to pure laser 
exposure, with a 75-100W drop from a 400W command power as compared to a 25-50W 
drop, respectively, for unfocused beams. 
7. Laser incidence angle variations do not affect power attenuation for unfocused beams, thus 
implying that more involved experimentation is required to analyze focused beam laser 









CHAPTER 7. CONTRIBUTION & IMPLICATION OF STUDY FINDINGS 
One of the main tenants of a robust manufacturing process is ensuring that consistent 
material properties and geometric characteristics are maintained in spite of variations in setup 
configurations. This can be achieved by development a good understanding of the role of process 
parameters in ensuring robustness is maintained. In this study, the effects of non-orthogonal 
angular configurations on bead morphology, microstructure, phase composition, texture and 
absorbed power were examined. Through the experiments conducted, important contributions 
were made to understanding the underlying phenomena, as well determining possible avenues to 
enhanced process robustness. More specifically, the main contributions attributed to the work 
conducted in this study are as follows: 
1.  Developing an understanding of how bead morphology behaves with increasing lead and 
lean angles provided an insight on what strategies can be devised to ultimately obtain 
consistent bead morphologies, regardless of the angular configurations implemented. It 
also provided insight on the observable trade-offs that must be accounted for when such 
alternative deposition techniques are used. 
2. Observing equivalent phase composition, microstructure and textural representation 
provides an indication that alternative deposition techniques can be implemented without 
affecting bulk material properties. 
3. Concluding that laser power losses are equivalent with various angular configurations in 
non-focused beams highlights the importance and urgency of more involved 
experimentation and analysis in order to truly and fully understand the underlying 
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phenomena regarding laser power loss due to laser spot size changes and powder cloud 
laser attenuation.  
Though the road to making such alternative deposition techniques industrially 
implementable is still long, the work conducted in these experiments provided a lot of clues with 





















CHAPTER 8. FUTURE WORK & NEXT STEPS 
The results obtained in this study provided valuable insight as to the underlying phenomena 
at play with regards to non-orthogonal deposition operations. In order to build upon the knowledge 
gained in this study, a few recommended potential studies can be conducted to bring the non-
orthogonal deposition techniques closer to becoming industrially implementable, therefore 
rendering the hybrid manufacturing process a more robust, and thus more favorable manufacturing 
technique: 
1. Modify process parameters (namely laser power and powder feed rate) to determine 
what parameters result in consistent bead morphologies for various angular 
configurations, with the goal being to maximize bead height and width and minimize 
penetration depth. 
2. Examine the effect of multi-track and multi-layer depositions on bead morphology and 
microstructure of non-orthogonal vs. orthogonal configurations to develop a better 
understanding of the robustness of the process. This can be done with identical process 
parameters, or with modified parameters to allow for consistent bead morphologies.  
3. Examine the economic implications of non-orthogonal deposition techniques in terms 
of material waste, cumulative power utilization and printing lead time. 
4. Study the effect of utilizing multiple and/or continuously changing angular 
configurations in multi-track deposition trials on bead morphology and microstructure 
to examine the simulated effect of deposition on freeform surfaces. 
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5. Develop theoretical and simulation models, combined with in-situ process monitoring 
capabilities currently present, to examine the effect of non-orthogonal configurations 
on powder catchment efficiency, laser attenuation and resultant bead morphology. 
6. Develop experimental setups that would allow for accurate laser power measurements 
of focused beams to obtain a more in-depth view of laser attenuation on printing 
performance and its effect on bead morphology. 
7. Develop novel coaxial nozzle designs that are optimized for non-orthogonal deposition 
operations and allow for 5-axis deposition, therefore increasing the robustness of the 
process. 
Hybrid manufacturing has an outstanding potential to becoming a viable manufacturing 
and repair technique to be widely used in industry. By increasing process robustness and 
developing a more well-rounded and holistic understanding of the phenomena at play, this 
manufacturing process can manifest to its full potential, thus bringing human progress forward, 
and ultimately benefitting the environment and society at large. 
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APPENDIX A. DETAILED MACHINE PARAMETERS 
Table A1. XRD Phase Analysis Measurement Parameters (Unprocessed and Processed 
Samples) 
Component Value 








Goniometer Type Theta/Theta 
Minimum 2ϴ Step Size (°) 0.0001 
Minimum Ω Step Size (°) 0.0001 
Minimum Chi Step Size (°) 0.01 
Minimum Phi Step Size (°) 0.01 
Minimum z Step Size (mm) 0.001 
Reflection Height (mm) 240 
Anode Material Cu 
K-α1 Wavelength (Å) 1.540598 
K-α2 Wavelength (Å) 1.544426 
K- α1 - K-α2 Ratio 0.5 
Divergence Slit (mm) 0.38 (Fixed) 
Unprocessed Sample 
Divergence Slit (mm) 
0.05 (Fixed) 
Monochromator Usage No 
Generator Voltage (kV) 45 
Tube Current (mA) 40 
Scan Axis Gonio 
Scan Type Continuous 
Scan Range (°) 29.9945 – 140 
Scan Step Size (°) 0.026261 






















































































































Figure B6. Micrograph close-up.  B: ϴ = 105°, β = 15°.  
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